In this study, we characterized the rotational efficiency of the photo-driven Archimedes screw. The micron-sized Archimedes screws were fabricated using the two-photon polymerization technique. Free-floating screws trapped by optical tweezers align in the laser irradiation direction and rotate spontaneously. The influences of the screw pitch and the number of screw blades have been investigated in our previous studies. In this paper, the blade thickness and the central rod of the screw were further investigated. The experimental results indicate that the blade thickness contributes to rotational stability, but not to rotational speed, and that the central rod stabilizes the rotating screw but is not conducive to rotational speed. Finally, the effect of the numerical aperture (NA) of the optical tweezers was investigated through a demonstration. The NA is inversely proportional to the rotational speed.
Introduction
Recently, two-photon polymerization (TPP) microfabrication has become popular for the manufacturing of three-dimensional (3D) microstructures. Essentially, it uses 3D laser direct writing OPEN ACCESS technology to model arbitrary 3D complex microstructures [1] [2] [3] by scanning a laser-focusing point along predetermined trajectories. The TPP technique can accurately fabricate complex microstructures that can be manipulated by optical tweezers generated by highly focused laser beams without mechanical contact [4] . A series of photo-driven micromachines have been proposed in recent years using this technique [5] [6] [7] [8] [9] . Objects with anisotropic shapes can rotate around the laser axis due to unsymmetrical forces generated at their surface [10] . Such photo-driven rotation can be induced either from the net optical torque resulting from the complex shape [11, 12] or by driving a movable part with an optical tweezers trap [13] . Recent works have made complex devices employed in microfluidic applications [14] [15] [16] [17] [18] .
The Archimedes screw has been used in mechanical applications for 300 years. It efficiently transports fluid in a hollow, unclogged channel. Previously, we demonstrated that photo-driven Archimedes screws [10, 19] can be rotated by optical tweezers and that the screw rotates spontaneously around its long axis when trapped at the laser focal point. This laser-induced rotation is due to the optical torque that is transferred by the laser scattering on the screw. The rotational speed is linearly proportional to the optical power. The influences of the screw pitch and the number of screw blades on the rotational speed of photo-driven Archimedes micro-screws have been studied and it has been found that screws with shorter pitches rotate slower. The rotational speed of a two-blade screw is twice the rotational speed of a one-blade screw. However, the three-blade screw rotates slower than 2-blade screw to the limited fabrication resolution.
In this study, we extended previous works to complete the influence of screw geometry, including blade thickness and the central rod of the screw. Furthermore, the effect of the numerical aperture (NA) of the optical tweezers was demonstrated.
Fabrication of Archimedes Micro-Screw
The Archimedes micro-screws were fabricated using a commercial TPP 3D-microfabrication machine (Teem Photonics Inc., Meylan, France) with a passively Q-switched Nd-YAG microchip laser (532 nm wavelength). The laser beam was expanded by a telescope coupled to an inverted microscope (Olympus IX51, Olympus Inc., Tokyo, Japan) and focused through a set of microscope objective lens (NA = 1.3). Figure 1 shows the TPP fabrication system. First, a commercial resin (Photomer 3015 from Henkel, Düsseldorf, Germany) with 1% photo-initiator was used for two-photon polymerization, which occurred in the resin at the focal point at about 0.15 mW laser power and after 1ms of exposure time. A three-axis piezoelectric stage (Nanocube, Physik Ins., Karlsruhe, Germany) was used to translate the sample through the laser focus in order to produce the required structures. Finally, an ethanol (75%) solution was added to dissolve the unexposed resin and to free the polymerized micro-objects in the chamber (10 mm diameter) that are made with two cover slips spaced by a double-faced tape.
In this paper, two types of Archimedes screws (with/without central rod) were proposed for investigating the effect of screw geometry. Figure 2 describes the geometry of an Archimedes screw. The height of the screw is 7.2 μm. The screw-turn number is 1.5. The screw diameter is 3.2 μm. Figure 3 shows the scanning electron microscope (SEM) figures of polymerized products. 
Demonstration of Photo-Driven Archimedes Micro-Screws

Effect of Blade Thickness
The typical behavior of an Archimedes micro-screw trapped by an optical tweezers was shown in our previous paper [19] . Figure 4 shows the optical tweezers system. The rotational speed was measured by using a photodiode to detect the modulated light transmitted through the micro-screw. An oscilloscope was used to visualize the photodiode signal. Each of the rotational speeds was determined after the rotation stabilized. In this experiment, measurements were performed with micro-screws of different blade thicknesses (t), namely, 0.5 μm, 1.0 μm, 1.3 μm, and 1.6 μm ( Figure 5 ). Figure 6 shows the relationship between rotational speed and laser power after a power threshold of 5 mW. The experiment results show that the thin-blade screw (t = 0.5 μm) was trapped without rotation. The screw with 1.0 μm thick blade rotated vacillatingly without aligning its axis in the laser direction; thus, the rotational speed was not linearly proportional to laser power. Only the screws with blade thicknesses of 1.3 μm and 1.6 μm rotated stably and aligned in the laser direction. In addition, it appeared that once the screws could rotate stably, the rotational speeds became constant. In other words, in this study, blade thickness only contributed to rotational stability and not to rotational speed. This is probably due to the fact that elongated objects in optical traps are known to align along the laser beam axis [20, 21] . Figure 7 shows a schematic explanation of the influence of blade thickness. 
Effect of the Central Rod
To stabilize the rotation of the thin-blade screw, a rod was added at the central axis of the screw (Figure 8 ). In this experiment, measurements were performed for micro-screws with different central rod diameters, namely, 0.5, 0.7, 0.9, and 1.1 μm. Figure 9 shows that the rotational speeds for each of the different rod diameters are linearly proportional to the laser power. As expected, even if the blade was very thin (t = 0.5 μm), screws with a central rod could rotate stably. In other words, a central rod allows an elongated object in an optical trap to align along the laser axis. However, screws with larger rod diameters rotate at slower rotational speeds. As the rod size increases, the proportional size of the blades decreases, reducing the effective exposure area for driving the screw. Figure 10 illustrates the effective exposure area to be exerted by the optical tweezers. L was defined as screw length. Thus, the effective exposure area can be expressed as (D/2 − d/2) × L. Figure 11 shows the rotational efficiency versus the effective exposure area. Rotational efficiency is defined as the ratio of the micro-screw rotational speeds (rpm) to the laser power (mW). The high coefficient of determination (R 2 = 0.996) indicates that the experimental results coordinate well with our inferences. 
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Effect of the Numerical Aperture
Essentially, the optical trap includes a gradient force and a scattering force. It is known that the gradient force dominates the lateral trapping and the scattering force dominates the axial pushing. In addition, a small NA forms a large scattering force which results in more axial pushing on the screw blade in order to generate a high rotational speed. Figure 12 illustrates the relevance of the NA, axial pushing, and rotational speed. In this experiment, a mechanical aperture (Figure 4 ) was used to adjust the NA. Archimedes screws were trapped using optical tweezers with a series of NAs (1.2, 1.23, 1.27, and 1.3). The results are shown in Figure 13 . Figure 14 
Conclusions
A series of studies on photo-driven Archimedes screws have been made in our works. The rotational efficiency of a photon-driven Archimedes screw is mainly determined by the screw geometry and the numerical aperture (NA) of the optical tweezers. The influence of screw geometry includes the screw number, the blade number, the blade thickness, and the central rod. In conclusion, a small pitch and thin blades contribute to the rotational speed. The central rod stabilizes the screw rotation. However, larger rod diameters correlate to slower rotational speeds. Finally, a high NA of the optical tweezers is conductive to stably trapping a micro-screw. In contrast, a small NA contributes to the rotational speed. Table 1 summarizes the influences of screw geometry and the NA of the optical tweezers. Notes: ↓: negative, ↑: positive, -: no effect.
